Leishmania species are intracellular protozoan pathogens that have evolved to successfully infect and deactivate host macrophages. How this deactivation is brought about is not completely understood. Recently, microRNAs (miRNAs) have emerged as ubiquitous regulators of macrophage gene expression that contribute to shaping the immune responses to intracellular pathogens. Conversely, several pathogens have evolved the ability to exploit host miRNA expression to manipulate host-cell phenotype. However, very little is known about the mechanisms used by intracellular pathogens to drive changes in host-cell miRNA abundance. Using miRNA expression profiling of Leishmania donovani-infected human macrophages, we show here that Leishmania infection induced a genome-wide down-regulation of host miRNAs. This repression occurred at the level of miRNA gene transcription, because the synthesis rates of primary miRNAs were significantly decreased in infected cells. miRNA repression depended on the host macrophage transcription factor c-Myc. Indeed, the expression of host c-Myc was markedly up-regulated by Leishmania infection, and c-Myc silencing reversed the miRNA suppression. Furthermore, c-Myc silencing significantly reduced intracellular survival of Leishmania, demonstrating that c-Myc is essential for Leishmania pathogenesis. Taken together, these findings identify c-Myc not only as being responsible for miRNA repression in Leishmania-infected macrophages but also as a novel and essential virulence factor by proxy that promotes Leishmania survival.
The leishmaniases are vector borne protozoan infections, widely distributed in tropical and subtropical regions of the world. These chronic and frequently fatal infections affect an estimated 12 million people worldwide with ϳ1.3 million new cases each year (1) . Leishmania donovani, the focus of this report, causes visceral leishmaniasis with severe morbidity and mortality. There are no effective vaccines, and current treatments have limited efficacy and significant toxicities (2) . Truly novel approaches and paradigms are needed to advance drug and vaccine development.
Leishmania infect mononuclear phagocytes in their mammalian hosts where they replicate within phagolysosomes. A central aspect of Leishmania pathogenesis is the modification of macrophage phenotype, where Leishmania interfere with their host-cell gene expression and signal transduction to inhibit macrophage activation, which could lead to their destruction (3) (4) (5) (6) (7) . How Leishmania modify macrophage phenotype is a focus of intense interest, and one possibility to consider is by targeting host miRNAs. 2 miRNAs are small noncoding RNAs that play ubiquitous and important roles in the regulation of gene expression at the post-transcriptional level. Thus, targeting of the host miRNA machinery by Leishmania could constitute a powerful mechanism for modifying hostcell phenotype. By disrupting miRNA expression, Leishmania could act on many target genes simultaneously. In the present study, we used miRNA expression profiling to define the effects of L. donovani on the expression of human macrophage miRNAs and to identify the underlying mechanisms involved.
Here, we show that infection of human monocyte-derived macrophages (HMDMs) with L. donovani brought about the down-regulation of a group of 19 host miRNAs whose genes are widely distributed throughout the genome. Repression of miRNA expression took place at the level of gene transcription as the synthesis rates of primary miRNAs were down-regulated in infected cells. This repression was host transcription factor c-Myc-dependent because the expression of c-Myc itself was markedly up-regulated by infection, and miRNA repression was reversed by c-Myc silencing. To our knowledge, this is the first report to identify a mechanism of how the miRNA machinery is targeted during Leishmania infection. Moreover, and of special interest, c-Myc silencing also brought about a dramatic reduction in the intracellular survival of Leishmania. Taken together, these findings identify c-Myc as not only acting to bring about genome-wide repression of host miRNAs, but also playing an essential role in promoting Leishmania survival.
These findings identify c-Myc as a novel virulence factor by proxy contributing to Leishmania pathogenesis.
Results

Leishmania infection represses host miRNAs expression in human macrophages
To profile the expression of miRNAs in the context of Leishmania infection, we used the Nanostring nCounter human v2 miRNA expression assay. HMDMs were infected or not with L. donovani for 24, 48, and 72 h. 800 miRNAs are available for detection in this assay. After background subtraction and normalization of the data, 46 miRNAs (hereafter called the "group of 46") were reproducibly detected (average Ͼ 50 counts) in all samples from all three donors (Fig. 1A) . As shown in Fig. 1B , a large majority of these miRNAs (35 of 46) appeared to be downregulated in infected cells (log2 ratio Ͻ 0). The remaining 11 miRNAs did not display a consistent expression in the three donors. Statistical analysis revealed that the expression of 19 miRNAs (hereafter called the "group of 19") from the group of 46 were significantly down-regulated at one or more of the infection time points (Fig. 1C) . Remarkably, no miRNAs were observed to be up-regulated in infected cells.
The group of 19 miRNAs is shown in Table 1 . Further inspection revealed that the repressed miRNAs came from genes on 11 different chromosomes and 17 different loci (miR-23 and miR-93 are from the same cluster, cluster 9; let-7a-3 and let-7b are from cluster 3). Moreover, all types of miRNA were represented: there were 36% intergenic miRNAs, 52% intronic and 10 exonic, which resembles the general distribution of all miRNAs (ϳ40% intergenic, 40% introns, 10% exons, and 10% "mixed" miRNAs (1)).
To validate the Nanostring results, 6 representative miRNAs from the group of 19 were selected from distinct regions of the genome and their expression was tested by RT-qPCR. The results from qPCR analysis ( Fig. 1D ) confirmed the down-regulation of miRNAs observed previously, and the Nanostring results and RT-qPCR data were clearly tightly correlated ( Fig. 1E) .
Moreover, the extracted RNA was also analyzed using an Agilent Bioanalyzer. This showed that despite some differences in the distributions of RNA sizes after infection, there was no detectable down-regulation of all small RNAs (Fig. S1 ). This eliminated the concern that what we observed in infected cells might be nonspecific.
To explore how the observed down-regulation in miRNA expression could affect host macrophage phenotype in the context of infection, we searched for predicted target mRNAs of the group of 19 miRNAs, using TargetScan (2). The 2950 predicted A-C, human monocytes were purified from buffy coats of three healthy donors, differentiated into macrophages, and infected with L. donovani stationary phase promastigotes (Ld) at a multiplicity of infection of 20:1 or left uninfected (Control). RNA was extracted at 24, 48, and 72 h postinfection and sent to Nanostring for miRNA expression analysis. A, heat map (agglomerative cluster) showing z scores of all 46 expressed miRNAs in each of the three donors (D1, D2, and D3). B, log2 ratios of all 46 expressed miRNAs in infected over uninfected cells (mean, n ϭ 3 donors). C, log2 ratios of significantly changed miRNAs in infected over uninfected cells (the group of 19, all down-regulated) (mean, n ϭ 3 donors; one-way ANOVA). D and E, RNA was extracted from infected or uninfected macrophages and analyzed by RT-qPCR using primers for six representative miRNAs, with the RNA U6 as a reference gene. D, data are expressed as log2 of fold change, compared with control cells (means Ϯ S.D., n ϭ 3 donors; one-way ANOVA). E, Pearson correlation between mean expression of miRNAs obtained by RT-qPCR and Nanostring (n ϭ 3 donors each). *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001.
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targets were then analyzed for Gene Ontology (GO) and KEGG pathways ( Fig. S2 ). In the GO term enrichment analysis, the most enriched biological processes were "biological regulation," "metabolic process," and "response to stimulus," closely followed by "cell communication," which make intuitive sense when considered in the context of a response to an infection ( Fig. S2A ). With regard to cellular compartments, interestingly "membrane" was the most enriched, consistent with the role of membrane proteins in uptake of Leishmania and also in the initiation of cell signaling responses ( Fig. S2B ). Among the significantly enriched KEGG pathways (Fig. S2D ), a number of cellular pathways previously implicated in Leishmania pathogenesis were identified, such as the "MAPK signaling pathway," "regulation of actin cytoskeleton," and "endocytosis." Based upon this analysis, it became clear that miRNA repression by Leishmania has the potential to profoundly affect macrophage cell regulation and host defense and that understanding the mechanisms involved is an important objective.
Leishmania infection reduces the transcription rate of macrophage primary miRNAs
Based on these striking results, we aimed at understanding the regulatory mechanism taking place in infected cells and leading to this genome-wide repression of miRNAs. To the best of our knowledge, such genome-wide repression of host miRNAs as we observed here has not previously been reported in the context of infection by any other nonviral intracellular pathogens, be they protozoan or bacterial. It is noteworthy that in a model of human cytomegalovirus infection, the stability of miR-17-92 cluster miRNAs was reduced by a viral noncoding RNA, accounting for their reduced abundance (3) . Otherwise, global decreases in miRNA expression have been associated with several types of cancers. In these studies, the down-regulation was attributed variably to mutations or deletions in the miRNA processing proteins Dicer and Drosha (4 -7), to hypermethylation of miRNA genes (8) , to mutations or suppression of the protein Exportin-5 (9, 10), or to transcriptional repression of miRNA genes by oncogenic transcription factors (11) .
The findings that the down-regulated miRNAs were very diverse in terms of the chromosome localization of their genes and loci and their type, suggested to us that it was worthwhile to look for a regulatory mechanism that might be common to all of these miRNAs. One potential explanation for the observed genome-wide down-regulation of miRNAs could be that one or more of the proteins involved in miRNA processing ( Fig. S3A ) was affected by infection: down-regulated, inhibited, or sequestered in a compartment other than where it acts. First, we investigated the abundance of the major regulatory proteins involved in the biosynthesis of miRNAs. The expression of the proteins DGCR8, Dicer, TRBP, and Ago2 in fact were all unchanged by infection, both at 24 and 48 h (Fig. S3, B and C) . Surprisingly, Drosha was unchanged at 24 h but was strongly up-regulated at 48 h postinfection.
Drosha and DGCR8 need to be present in the nucleus to process primary miRNAs (pri-miRNAs); therefore, we examined whether Leishmania infection might block the nuclear localization of these proteins. Using confocal microscopy, the nuclear versus cytosolic localization of the proteins was measured in infected and noninfected cells, and no differences were observed ( Fig. S3 , D and E). Taken together, these findings indicate that broad-based down-regulation of miRNAs by Leishmania infection cannot be explained either by decreased expression of miRNA-processing proteins or by restricted cytosolic localization of Drosha and DGCR8, such that they are not available for nuclear processing of pri-miRNAs.
An alternative mechanism to explain down-regulation of mature miRNAs in infected cells could be faster rates of miRNA decay. To examine whether the stabilities of miRNAs were reduced in the context of infection, actinomycin D was used to inhibit transcription. RNA from both control and infected cells (24 h of infection) was then collected at 0, 6, and 24 h postaddition of actinomycin D, and RT-qPCR was done to measure the decay rates of the six representative miRNAs. Fig. 2A shows the amount of each miRNA at each time point in control and infected cells Ϯ actinomycin. The slope for each curve was then calculated, and these slope values are shown in Fig. 2B . Inspection of these results led to several conclusions. First of all, as expected, the slopes of actinomycin D-treated control cells were lower (more negative) than those in DMSO-treated con- 
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trol cells, showing the decay of miRNAs when their synthesis is blocked and validating this model. Second, when comparing actinomycin D-treated samples, thereby looking only at decay, the slopes were similar between control and infected cells, indicating that miRNAs did not have faster decay rates in infected cells. Finally, when control and infected cells were treated only with DMSO, therefore, taking into account both synthesis and decay, the slopes were lower in infected cells as compared with control cells. By default, this pointed toward a de facto defect in miRNA synthesis in infected cells, because as discussed above, decay rates per se were not changed by infection. Taken together, these results showed no differences in the stabilities of mature miRNAs in the context of infection but rather identified a defect in synthesis of miRNAs in infected cells.
To examine further whether the synthesis of miRNAs was down-regulated in infected cells, the levels of five pri-miRNAs and five precursor miRNAs (pre-miRNAs) from the group of 19 were assessed by RT-qPCR. The results indeed showed that pri-miRNAs and pre-miRNA levels were down-regulated in infected cells (Fig. 3, A and B , respectively), as was earlier shown be the case for the levels of their cognate mature miRNAs (Fig.  1D ). This observation was found to be the case for all pri-and Figure 2 . The stability of mature miRNAs is not decreased in infected macrophages. A, human monocyte-derived macrophages were either infected (Ld) or not for 24 h. Subsequently, the cells were incubated with actinomycin D (Act D) to inhibit transcription, allowing us to look at decay rates of mature miRNAs, whereas DMSO was used as a control. RNA was collected after 6 and 24 h of treatment, and RT-qPCR was performed on the six representative miRNAs. Represented here is the fold change of miRNA expression at each time point, normalized to DMSO treatment (means Ϯ S.D., n ϭ 4 donors). B, the slope of each individual curve was measured and is presented here (means Ϯ S.E.). Statistical analysis was done using a two-way ANOVA comparing each treatment. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001; ****, p Ͻ 0.0001.
pre-miRNAs examined at 24 h and a majority of them at 48 h postinfection. These findings indicated a defect in transcription rates of pri-miRNAs as contributing to the genome-wide downregulation of mature miRNAs in infected cells.
To examine directly the transcription rates of pri-miRNAs, RNA in infected and control cells was metabolically labeled using ethynyl uridine (EU) and then collected after 15, 30, and 60 min of EU treatment. The newly synthesized RNA (labeled with EU) was pulled down using Click-iT technology and analyzed by RT-qPCR. This allowed us to look in real time at the synthesis rates of four pri-miRNAs (pri-miR-98 was not detected in nascent RNA) and three control RNAs (Fig. 3 , C and D). The slopes of these curves were measured for each gene and each donor, in infected and control cells, and are presented normalized to control cells (Fig. 3, E and F) . The miRNAs selected for this experiment were of different transcriptional Figure 3 . Infected macrophages display down-regulated pri-miRNAs and pre-miRNAs, and lower transcription rates of pri-miRNAs. Monocytes were purified, differentiated into macrophages, and infected with L. donovani (Ld) for 24 and 48 h. A and B, total RNA was extracted and analyzed by RT-qPCR using primers for five pri-miRNAs and five pre-miRNAs. The data are represented as log2 fold change in infected cells compared with uninfected cells (means Ϯ S.D., n ϭ 4 donors; two-tailed t test). A, pri-miRNAs. B, pre-miRNAs. C-F, Leishmania-infected [Ld] (24 h) and control (C) cells were treated with ethynyl uridine for 15, 30, and 60 min. Total RNA was collected, and Click-iT technology was used to pull down nascent RNA. RT-qPCR was performed on total and nascent RNA for four pri-miRNAs (pri-miR-98 was not detected consistently in nascent RNA) and three control genes (mean, n ϭ 4 donors). C and D, newly synthesized RNAs (fold change, normalized to total RNA and t ϭ 0) in control and infected cells (mean, n ϭ 4 donors). E and F, the slope of the synthesis rate was assessed for each gene in control and infected cells (means Ϯ S.D., n ϭ 4 donors; two-tailed t test). *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001.
types: miR-15a and miR-15b are intronic miRNAs (their transcription depends on their cognate host gene), let-7a is an exonic miRNA, and miR-34a is intergenic, in which case miRNAs are transcribed on their own. Despite the variability between donors, the transcription rates were reduced by half in infected cells for all four pri-miRNAs without regard to their transcriptional type ( Fig. 3E ). This experiment shows that the transcription rates of pri-miRNAs were significantly lower in infected cells as compared with control cells.
The main factors that could explain decreased transcription rates are either epigenetic control or transcription factors being differentially expressed. In some cancer cells, miRNAs have been shown to be repressed by CpG island hypermethylation (12, 13) . In analyzing the data from an article that looked at DNA methylation changes in Leishmania-infected macrophages (14) , we found that the 125 sites linked to the group of 19 miRNAs identified in our study did not change in their methylation status in response to infection (confirmed by A. Marr et al.) 3 (Fig. S4 ). This suggests that the transcription of pri-miRNA in infected cells was not inhibited by any changes in DNA methylation.
The host transcription factor c-Myc is up-regulated during Leishmania infection and is linked to miRNA repression
Reduced transcription rates of pri-miRNAs in Leishmaniainfected cells could have been due to aberrant activity of a transcription factor, and c-Myc was of particular interest. C-Myc has pleiotropic effects on cell growth, proliferation, differentiation, and apoptosis, mediated by its ability to regulate-either positively or negatively-the expression of thousands of genes including many miRNAs (15) . Moreover, c-Myc was shown to participate in the global down-regulation of miRNAs observed in lymphoma cells (11) . Fig. 4A shows the miRNAs that are known to be either induced or repressed by c-Myc. In regard to the miRNAs that have been shown to be repressed by c-Myc, 11 of them (highlighted in bold in Fig. 4A ) belong to the group of 19 miRNAs that were down-regulated by Leishmania infection: let-7g, let-7d, let-7i, let-7a, let-7b, miR-223, miR-23a, miR-15a, miR-181a, miR-34a, and miR-98 (11, 16) ( Fig. 4A) . Moreover, c-Myc is known to induce Drosha (17), the expression of which was markedly up-regulated at 48 h postinfection ( Fig. S3C ). Finally, c-Myc plays a role in alternative activation of macrophages (18) , which is recognized to promote Leishmania survival (19) . Based upon these considerations, we investigated whether c-Myc might be (11, 16) . In bold are shown the miRNA members of the group of 19 down-regulated by Leishmania infection. B, HMDMs were infected or not for 24 and 48 h, and Leishmania-infected (Ld) and control (C) cells were analyzed by Western blotting with probes for c-Myc. Densitometry analysis was used to measure c-Myc expression, normalized to actin (means Ϯ S.D., n ϭ 4 donors; two-tailed t test. **, p Ͻ 0.01. C, HMDMs were infected for 24 h, and both control and infected cells were treated with cycloheximide for 20, 40, and 60 min. Western blotting was performed to assess the decay rates of c-Myc, followed by densitometry analysis, and normalization to actin (means Ϯ S.D., n ϭ 3 donors; nonlinear regression fit).
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responsible for the down-regulation of miRNAs observed in infected cells.
Using Western blotting, we found that c-Myc was strongly up-regulated in infected cells, both at 24 and 48 h postinfection (Fig. 4B ). c-Myc is a highly unstable protein and is regulated mostly through alterations of its stability (20) . Using cycloheximide to block translation, we established that the stability of c-Myc is increased in infected cells, accounting at least in part for its increased abundance (Fig. 4C) .
To examine the possibility that c-Myc induction in infected cells could result in the repression of transcription, the levels of classical targets of c-Myc repression were assessed by RT-qPCR. c-Myc is known to repress transcription of the cyclin-dependent kinase inhibitors CDKN1A (p21 CIP1/WAF1 ), CDKN1B (p27 KIP1 ), and CDKN2B (p15 INK4B ) (21) (22) (23) (24) . Indeed, all three cyclin-dependent kinase inhibitors were down-regulated in infected cells, consistent with c-Myc induction bringing about the down-regulation of c-Myc-repressed targets (Fig. S5, C-E) .
Transcriptional repression by c-Myc has been described to take place indirectly through interactions with two zinc finger transcription factors, Miz-1 and Sp1 (25-27) ( Fig. S5A ). These factors bind to core promoters and stimulate transcription in the absence of c-Myc. Binding of c-Myc interferes with transcriptional activation by Miz-1 and Sp1. It is believed that c-Myc may also repress transcription through interactions with other zinc finger transcription factors, such as nuclear factor Y (NF-Y) (28), yin yang 1(YY1) (29) , and transcription factor II-I (TFII-I) (30) . Moreover, the c-Myc homolog N-Myc was shown to form a repression complex with both Sp1 and Miz-1 and to recruit the histone deacetylase HDAC1 to induce a repressed chromatin state at the TRKA and p75 NTR promoters (31) (Fig.  S5B ). According to the BIOGRID database of protein-protein interactions, c-Myc also interacts with Sp1, Miz-1, and HDAC1 and could therefore function similarly (MYC result summary in BioGRID database; https://thebiogrid.org/110694/summary/ homo-sapiens/myc.html). 4 To examine this possibility, promoters of the group of 19 miRNAs (for intergenic miRNAs) or their host genes (for intronic miRNAs) were analyzed computationally to determine whether c-Myc could regulate their transcription through one of the mechanisms discussed above. Of note, two pairs of the 19 miRNAs are from the same loci, expressed under the same promoter (miR-25 and miR-93, let-7a-3 and let-7b); therefore, a total of 17 distinct promoters were analyzed (Table S1 ). First, we predicted binding sites in all 17 of the promoters for Miz-1, in 16 of 17 for Sp1, and in only 7 for c-Myc (Fig. 5A ). Next, we explored whether the computational predictions were supported by in vivo binding data from ChIP-seq. ChIP-seq data indicated that individually, c-Myc, Sp1, and Miz-1 bound respectively to 16, 15, and 14 of the 17 promoters ( Fig. 5B ). Therefore, a large majority of our promoters have binding sites for and are bound in vivo by Sp1 and Miz-1, which supports our model of direct binding of these two transcription factors to the promoters. Moreover, it is worth noting that although only 7 promoters of 17 have a predicted binding site for c-Myc 
To seek evidence to link c-Myc to miRNA repression, macrophages were incubated with either control (scrambled) or c-Myc siRNAs and then infected with Leishmania for 24 h. c-Myc siRNAs did not affect cell viability or infection rates (Fig.  S6, A and B) . The cells were then lysed, and Western blotting was used to confirm knockdown of c-Myc. Three c-Myc siRNAs were used: siRNA-A had a negligible effect, whereas both siRNA-B and siRNA-C down-regulated c-Myc to the same extent in control cells, but in infected cells siRNA-C was more efficacious that siRNA-B (Fig. 6A ). In parallel, RNA was collected, and RT-qPCR was performed to assess the levels of the six representative miRNAs from the group of 19. c-Myc siRNA-B led to a partial recovery of miRNA levels in infected cells, whereas c-Myc siRNA-C induced a strong up-regulation of the miRNAs of interest (Fig. 6B) . These results show that c-Myc levels and miRNA levels were inversely correlated: siRNA-B caused a modest down-regulation of c-Myc and mod-est increases in miRNAs, whereas siRNA-C caused a strong down-regulation of c-Myc along with robust recoveries of miRNA levels. Thus, knockdown of c-Myc protein abrogated the repression of miRNA levels caused by infection.
To confirm this link between c-Myc and miRNA repression, we used an orthogonal approach consisting of a c-Myc specific inhibitor, compound 10058-F4. The latter blocks c-Myc/MAX interactions and also down-regulates the expression of c-Myc after prolonged exposure (33) , which was confirmed with our cells (Fig. S6C) . The cells were treated with either 25 or 50 M 10058-F4 and then infected for 24 h, after which RT-qPCR was performed to assess the levels of the six representative miRNAs from the group of 19. Treatment with 10058-F4 did not affect macrophage viability, infection rates, or Leishmania viability (Fig. S6, D-F) . As expected, inhibiting c-Myc led to a strong down-regulation of Drosha in both infected and uninfected cells (Fig. 6C) . Concerning miRNA abundance, uninfected cells A, B, and C) , followed by infection for 24 h, lysis, and analysis by Western blotting for c-Myc and actin. Densitometry analysis results are shown below (means Ϯ S.D., n ϭ 3 donors; two-tailed t test). B, RNA was collected from siRNA-treated cells (siRNA B and C), both infected (Ld) and control, and RT-qPCR was performed to assess the expression of U6 and six miRNAs. Levels of miRNA expression are depicted as log2 fold change (FC) compared with scrambled and normalized to U6 (means Ϯ S.D., n ϭ 3 donors; two-way ANOVA comparing each condition). C, HMDMs were treated with c-Myc inhibitor 10058-F4 (F4, 25 or 50 M) or DMSO for 24 h and then infected for 24 h. Drosha expression was assessed by Western blotting (means Ϯ S.D., n ϭ 3 donors; two-tailed t test). D, RNA was extracted from 10058-F4 -treated cells, both infected (Ld) and control cells, and analyzed by RT-qPCR. The expression levels of six miRNAs are depicted as log2 fold change compared with DMSO and normalized to U6 (means Ϯ S.D., n ϭ 4 donors; two-way ANOVA). *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001; ****, p Ͻ 0.0001.
treated with 50 M of 10058-F4 displayed higher levels of miRNAs than untreated cells (Fig. 6D ). Most importantly, infected cells treated with either 25 or 50 M of 10058-F4 showed levels of miRNAs similar to uninfected cells (Fig. 6D) . These findings show that the inhibition of c-Myc with 10058-F4 reversed the down-regulation of miRNAs caused by infection.
Down-regulation of c-Myc attenuates Leishmania survival
The results above linked c-Myc to Leishmania-mediated down-regulation of miRNAs (Fig. 6, B and D) . Given this broadbased, c-Myc-dependent repression of host-cell miRNAs, it seemed likely that this would have pleiotropic and important effects on macrophage phenotype. In particular, this raised the question of what impact this might have on the intracellular survival of Leishmania. Furthermore, it seemed likely that the up-regulation of c-Myc itself-independent of any effects on miRNA repression-would have consequences for macrophage biology, especially considering that c-Myc plays a role in macrophage alternative activation (33) , which is recognized to promote Leishmania survival (18) .
We therefore assessed Leishmania intracellular survival in macrophages treated with either c-Myc siRNAs or c-Myc inhibitor 10058-F4. Silencing of c-Myc in HMDMs by siRNAs decreased Leishmania counts by half ( Fig. 7A) . Similarly, inhibition of c-Myc by 10058-F4 led to a 10-fold reduction in parasite counts (Fig. 7B ). Together, these results show that c-Myc is essential to the intracellular survival of Leishmania.
Discussion
The results presented above identify c-Myc as a novel Leishmania virulence factor by proxy. c-Myc is hijacked by Leishmania to drive genome-wide repression of host miRNAs (Table 1 and Fig. 1 ) and is essential for parasite survival (Fig. 7) . Moreover, this is the first elucidation of a mechanism leading to miRNA modulation during Leishmania infection, whereby the parasites hijack a host transcription factor, resulting in transcriptional repression and ultimately down-regulation of many miRNAs in the infected cell.
A limited number of other studies have investigated the impact of Leishmania infection on macrophage miRNA expression, looking at different species of Leishmania and different host-cell types (34 -38) . Each of these studies identified both up-and down-regulated miRNAs, but there was no commonality among them. Also, no mechanism was identified to explain these changes. In this report, we show that host miRNA expression is broadly down-regulated by infection with L. donovani, with a group of 19 miRNAs being significantly downregulated in infected cells (Fig. 1) . Our findings that the downregulated miRNAs in the group of 19 were diverse in terms of chromosomal localization of their genes and loci and their types ( Table 1) suggested that this likely involved a novel and versatile mechanism of gene repression that is activated in Leishmania-infected cells. In pursuit of such a mechanism, we found that the down-regulation of miRNAs in Leishmania-infected cells was not due to any change in either the abundance or subcellular localization of critical proteins involved in miRNA biogenesis (Fig. S3 ). Neither could this be accounted for by decreased stability of mature miRNAs (Fig. 2) . On the other hand, levels of both pri-and pre-miRNAs were decreased in infected cells in concert with their cognate mature miRNAs (Fig. 3, A and B) . Consistent with these findings, the transcription rates of pri-miRNAs were significantly repressed by Leishmania infection (Fig. 3E) .
These findings raised the specter of a potential role for a transcriptional repressor activated by Leishmania, and for a number of reasons our search for such a candidate led us to c-Myc. First, it is becoming evident that a predominant consequence of activation of c-Myc is widespread repression of miRNA biosynthesis (11) . Consistent with this, we found that 11 members of the group of 19 miRNAs had previously been shown to be repressed by c-Myc in other models (Fig. 4A) (11, 16) . Second, c-Myc is known to induce Drosha (39), the expression of which was markedly up-regulated at 48 h postinfection (Fig. S3C) . Third, c-Myc is known to promote alternative activation of macrophages. In fact, c-Myc controls the induction of a subset of genes associated with alternative activation of macrophages (18) , and the latter is recognized to promote Leishmania survival (19) . Taken together, these findings made c-Myc an excellent candidate for repression of miRNA expression in our system. Indeed, we found that c-Myc expression itself was dramatically increased in Leishmania-infected cells (Fig. 4B) , seemingly by increasing the stability of c-Myc (Fig.  4C ). Furthermore, using either c-Myc inhibitor 10058-F4 or siRNAs to silence c-Myc, we were able to rescue miRNA expression in infected cells and restore them to control levels (Fig. 6, B and D) .
These findings establish a direct link between Leishmaniamediated up-regulation of host c-Myc and repression of select miRNAs ( Figs. 4 and 5 ). c-Myc is thought to regulate miRNAs through both transcriptional and post-transcriptional mechanisms (11, 40) . Here, the results suggest that the genome-wide down-regulation of miRNAs seen in infected cells is due to transcriptional regulation by c-Myc (Fig. 3) . Although the mechanisms by which c-Myc activates gene transcription are well known, less is known about how c-Myc represses transcription of target genes, including miRNAs. It is thought that c-Myc indirectly represses transcription by interacting with the zinc finger transcription factors Sp1 and Miz-1, which bind to 
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core promoters (21, 26, 31) . The potential roles of Miz-1 and Sp1 were strongly inferred by bioinformatic analysis of the promoters of the group of 19 miRNAs (Table S1 ). Indeed, direct binding of Sp1 and Miz-1 to promoters was supported both by computational prediction and in vivo ChIP-seq data (Fig. 5, A  and B) . On the other hand, indirect binding of c-Myc was suggested by ChIP-seq results, in the absence of binding sites for c-Myc in a majority of the various promoters. Finally, overlaps between c-Myc and the two zinc finger transcription factors were highly prevalent among the group of 19 promoters, supporting the hypothesis that they work as complexes (Fig. 5C) . Altogether, these results support a model in which c-Myc binds indirectly to the promoters through Miz-1 and/or Sp1 to repress the transcription of pri-miRNAs.
A number of miRNAs are known to be induced by c-Myc (41) (Fig. 4A) , and interestingly, none of these were increased upon Leishmania infection. This was the case despite the finding that c-Myc itself was increased ( Fig. 4B) and suggests that an additional mechanism(s) regulates their expression. Furthermore, although c-Myc acts as a regulator of miRNAs, its expression itself can be repressed in turn by a number of miRNAs (42) . Notable among these is miR-34a, which was down-regulated in Leishmania-infected cells (Fig. 1) , perhaps explaining the reciprocal increase in c-Myc we observed (Fig. 4B) .
It is informative to consider how this c-Myc-driven strategy may otherwise be used by Leishmania to affect cell regulation leading to altered macrophage phenotype. The specific effects of miRNA repression in Leishmania-infected cells are not known at this time. However, in cancer cells, it has been hypothesized that the global down-regulation of miRNAs contributes to neoplastic transformation by allowing for increased expression of critical proteins with oncogenic potential (43) . A Gene Ontology analysis on the multiple putative target mRNAs of the group of 19 provided further insight into the impact on host cells of miRNA repression by Leishmania (Fig. S2 ). This exercise identified thousands of putative target genes for the group of 19, playing roles in biological regulation, metabolic processes, and several signaling pathways, suggesting that c-Myc-dependent miRNA repression in Leishmania-infected cells is highly likely to lead to pleiotropic effects on macrophage cell regulation and cell phenotype that promote persistent infection.
In addition to the discovery that c-Myc functions as a transcriptional miRNA repressor in Leishmania-infected cells is the parallel discovery reported here that c-Myc is a novel Leishmania virulence factor by proxy that is essential for parasite survival. This conclusion is based on the findings that either c-Myc silencing or its inhibition brought about dramatic reductions in the intracellular survival of Leishmania (Fig. 7, A and B) . Taken together, these findings identify c-Myc as playing an essential role in promoting Leishmania survival.
The novelty of this finding is highlighted by a review of the literature searching for c-Myc and infection of human macrophages by intracellular pathogens. This revealed only one report in which c-Myc was found to be up-regulated in primary macrophages infected with several species of mycobacteria (Bacillus Calmette-Guérin, Mycobacterium avium, Mycobacterium chelonae, or Mycobacterium kansasii) (44) . However, this was associated with suppression of M. avium survival, the converse of what we report here where c-Myc promoted Leishmania survival.
As mentioned earlier, in the course of these studies, our attention was directed to c-Myc partly because it is a marker of M2 macrophages and is required for alternative activation of macrophages (18) . In contrast, c-Myc is inhibited by the proinflammatory agonists lipopolysaccharide and interferon-␥, which induce classically activated (M1) macrophages (45) . Although macrophages exist in a continuum between M1 and M2 activation profiles, a clear correlation exists in Leishmania infection, in which classical activation is linked to enhanced microbicidal functions (production of TNF␣, nitric oxide, and reactive oxygen species) and parasite killing, whereas alternative activation leads to parasite survival and disease progression (19) . This suggests the hypothesis that the induction of c-Myc is part of Leishmania-induced alternative activation pathway of macrophages, favoring parasite survival. Conversely, when c-Myc is inhibited by 10058-F4 or siRNAs, this may block alternative activation of macrophages and in turn suppress Leishmania survival (Fig. 7, A and B) .
In summary, the results of the present study identify for the first time c-Myc as a novel Leishmania virulence factor by proxy. This host transcription factor c-Myc is induced by infection and appears to bring about genome-wide repression of host miRNAs. c-Myc is also shown to be essential to support persistent infection. Given the central role of c-Myc as an oncogene, it has been and continues to be the focus of many attempts to develop inhibitors for therapeutic purposes in cancer (46) . We anticipate that it should be possible to capitalize on this work in the cancer clinic to identify novel therapeutics for leishmaniasis.
Experimental procedures
Ethics statement
Buffy coats from healthy donors were obtained from Canadian Blood Services Network Centre for Applied Development with review and approval from Canadian Blood Services Research Ethics (reference 2015.035). The source of human cells did not disclose the identity of the human donors, thereby anonymizing all data to the investigators. This study abides by the Declaration of Helsinki principles.
All work with animal in this study was reviewed and approved by the University of British Columbia Animal Care Committee (protocol license number A14-0218). The animal care and use protocol adhered to the standards and regulations provided by the Canadian Council on Animal Care in Science.
Purification and culture of human cells
The monocytes were enriched from buffy coats by a centrifugation in Ficoll gradient (GE Healthcare) followed by thorough washings in PBS. The cells were then incubated for 1 h at 37°C in 5% CO 2 in culture flasks (Corning), and nonadherent cells were washed away with HBSS. Adherent cells were collected using a cell scraper, and monocytes were counted using Tuerk's solution. The cells were plated at a density of 0.75 ϫ 10 6 cells/ml in multiwell plates in RPMI medium supplemented with 10% fetal bovine serum (Gibco), 2 mM L-glutamine (Stem-c-Myc is a novel Leishmania virulence factor by proxy Cell) , and 100 units/ml penicillin/streptomycin (StemCell). Differentiation into macrophages was induced by addition of 10 ng/ml GM-CSF (StemCell). After 3 days, the cells were washed with HBSS and given fresh supplemented RPMI medium containing GM-CSF. The cells were washed again on day 6, rested in supplemented RPMI medium without GM-CSF, and used for experiments on day 7.
Parasite culture and infections
L. donovani Sudan strain S2 was obtained from Dr. Kwang Poo Chang (Rockefeller University, New York, NY). Parasite virulence was maintained by regular passages through Syrian golden hamsters. Promastigotes were routinely cultured in the lab and passaged every 3 days for a maximum of 20 -25 passages. Promastigotes were cultured at 26°C in M199 (Sigma-Aldrich) supplemented with 10% heat-inactivated fetal bovine serum (Gibco), 10 mM HEPES (Stemcell), 6 g/ml hemin (Sigma-Aldrich), 10 g/ml folic acid (Sigma-Aldrich), 2 mM L-Glutamine (Stemcell), 100 units/ml penicillin/streptomycin (Stemcell), and 100 mM adenosine (Sigma-Aldrich).
Infection was performed with day 5 stationary phase promastigotes. Briefly, the cells were counted, washed in HBSS, resuspended in HBSS, and used to infect human cells. Infection rate and parasite rescue were assessed as described previously (47) .
RNA extraction
For mature miRNAs studies, RNA was collected from cell pellets using the miRCURY RNA isolation kit Cell and Plant (Exiqon), known to enrich for small RNAs, following the manufacturer's instructions. Total RNAs (for primary and precursor miRNAs, control mRNAs, and c-Myc targets) were extracted using GeneJET RNA purification kit (Thermo), following the manufacturer's instructions.
The RNA was eluted in nuclease-free water, and the concentration of RNA was determined by nanodrop. A DNase treatment was performed with DNase I in solution (Thermo Scientific). 1 g of eluted RNA was treated with 1 unit of DNase I in a total volume of 15 l and incubated for 30 min at 37°C before addition of 1 l of 50 mM EDTA and incubation at 65°C for 10 min.
Nanostring assay, data analysis, and mRNA target prediction
Purified RNA, extracted with the Exiqon kit was diluted to 50 ng/l with nuclease-free water and sent to Nanostring (Seattle, WA) for analysis of the expression of 800 human miRNAs with the Nanostring nCounter human v2 miRNA expression assay. Data analysis was performed using the nSolver2.0 Analysis software (Nanostring). Background subtraction was done using the mean of the negative controls ϩ2 standard deviations. The data were normalized by computing a normalization factor using the geometric mean of all genes except housekeeping genes. 46 miRNAs were detectably expressed in all samples (average Ͼ 50 counts). Agglomerative clustering (heat map) of the 46 expressed miRNAs was generated using nSolver's built-in analysis feature, applying linkage type "average" and metric type "Euclidean distance."
Target prediction was performed for the miRNAs that showed a significantly (p Ͻ 0.05) different expression in infected cells. The validated target module of the TargetScan (48) (minimum of one 8-mer binding site, only targets with conserved binding sites) were used to predict targets for the 19 significantly down-regulated miRNAs. The list of target genes was further analyzed with the WEB-based gene set analysis toolkit (WebGestalt) (49) to look for enrichment of KEGG pathways and GO terms. The KEGG pathway enrichment analysis was performed using the homosapiens genome as a reference gene set, the hypergeometric statistical method with the Benjamin and Hochberg multiple test adjustment, retrieving the top 10 enriched pathways with a minimum of 5 genes per category. This analysis was expanded by setting the p value at Ͻ0.01 as a threshold. The GO slim analysis was performed using WebGestalt's default settings.
Quantitative real-time PCR
For mature miRNAs, 10 ng of DNase-treated RNA (extracted with the Exiqon kit) were used for cDNA synthesis using the universal cDNA synthesis kit II (Exiqon) according to the manufacturer's instructions. The resulting cDNA was diluted 80ϫ in nuclease-free water, and ROX reference dye (Life Technologies) was added, at a dilution of 50ϫ. Diluted cDNA was used as input for qPCR, using the EXILENT SYBR Green master mix kit (Exiqon) and miRNA-specific primers (Tables 2 and 3 ). Real-time PCR amplification was performed using the StepOne Plus System (ABI).
For analysis of longer RNA (primary and precursor miRNAs, control RNAs, and c-Myc targets), 10 ng of RNA (extracted with the Thermo kit) were used for cDNA synthesis using the OneScript cDNA synthesis kit (ABM) according to the manufacturer's instructions. The cDNA was diluted 80ϫ in nucleasefree water and used as input for qPCR, using the EvaGreen 2ϫ qPCR MasterMix-ROX and primers (Tables 2 and 3) .
Click-iT labeling of nascent RNA
Differentiated macrophages were infected for 24 h, and uninfected cells were used as control. Uninternalized parasites were removed by washing the cells thoroughly. Fresh complete RPMI medium was added, as well as 0.5 mM ethynyl uridine (Abcam). Nontreated cells were collected as baseline (t ϭ 0). After 15, 30, and 60 min, the cells were collected and lysed for total RNA extraction using a GeneJET RNA purification kit (Thermo).
The Click-iT nascent RNA capture kit was used according to the manufacturer's instructions. Briefly, 1 g of RNA was biotinylated using 0.5 mM biotin azide. The RNA was then precipitated overnight. 400 ng of biotinylated RNA was bound to 
Western blotting
Frozen pellets of cells were lysed on ice using protein lysis buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Triton-X-100, 1 mM EDTA, 2.5 mM sodium orthovanadate, 1 mM ␤-glycerophosphate, 1 mM phenylmethylsulfonyl fluoride, 5 g/ml aprotinin, 5 g/ml leupeptin). Lysates were incubated on ice for 5 min and then passed 10 times through a 27-gauge needle for mechanic disruption. Lysates were centrifuged at 13,000 ϫ g for 5 min, before addition of 4ϫ Laemmli loading buffer, and boiled for 7 min. Samples were run on SDS-PAGE gels (7.5-15%), followed by semidry transfer to nitrocellulose membranes. Immunoblotting was performed with primary antibodies against Drosha (Abcam ab183732), DGCR8 (Abcam ab191875), Dicer (Santa Cruz sc-30226), TRBP (Abcam ab42018), Ago2 (Abcam ab186733), c-Myc (Cell Signaling 5605), and Actin (Sigma-Aldrich A2066). The blots were incubated with secondary antibody anti-rabbit HRPO (ABM), followed by developing with Supersignal West Femto Chemoluminescence Substrate (Thermo). Densitometric analysis was performed in ImageJ, and the results are expressed normalized to actin.
Confocal microscopy
Human macrophages grown on coverslips were infected with L. donovani for 24 and 48 h (in which case they were washed at 24 h postinfection to remove unbound parasites) or kept uninfected as control. Intracellular immunofluorescence staining was performed following Abcam's guidelines: fixation was done with 2% polyformaldehyde in PBS and permeabilization with 0.3% Triton X-100 in PBS. Anti-Drosha (Abcam ab183732) was used at 1:100 and anti-DGCR8 (Abcam ab191875) was used at 1:1000, whereas the secondary antibody, anti-rabbit Alexa Fluor 594 (Life Technologies), was used at 1:250. The coverslips were mounted on slides using ProLong Diamond antifade mountant with DAPI (Thermo Fisher). The slides were then analyzed using a Zeiss LSM 780 confocal microscope (Carl Zeiss, Thornwood, NY). Controls for staining were performed using only the secondary antibody, as well as full staining with both primary and secondary antibodies on uninfected macrophages, both of which led to no detectable fluorescence. ImageJ was used to determine the fluorescence intensity in the nucleus versus the cytoplasm: DAPI-positive regions were selected as "nucleus," and the intensity of the DGCR8 or Drosha staining was measured in the DAPI regions, whereas the staining in the rest of the image was measured for cytoplasmic localization.
siRNA transfection and 10058-F4 treatment
The siRNAs-three c-Myc siRNAs duplexes and one scrambled negative control-were obtained from ORIGENE (SR321047). After 6 days of treatment with GM-CSF, differentiated macrophages were given a transfection mix containing siRNAs at a final concentration of 200 nM and the transfection reagent HiPerfect (Qiagen). The cells were incubated with siRNAs for 6 h, and then fresh medium was added to the wells. After 48 h of siRNA treatment, the cells were washed with HBSS and infected or rested in culture medium for 24 h.
The c-Myc inhibitor 10058-F4 was purchased from Sigma (reference F3680). GM-CSF differentiated macrophages were treated with 25 M or 50 M of 10058-F4 for 24 h, at which point the medium was removed and fresh medium containing 10058-F4 or not was added, as well as Leishmania for the infected samples. DMSO was used as vehicle control, at a final concentration of 0.1%.
Bioinformatics analysis of promoters
The ChIP-seq data were retrieved from the ReMap database (51) , for c-Myc and Sp1, and the ENCODE Consortium (52), for Miz-1. The computational DNA-binding models were downloaded from JASPAR (53) , for c-Myc and Sp1, and HOCOMOCO (54), for Miz-1. Gene annotations, including the chromosome, strand, and the transcription start and end positions, were obtained using the UCSC Table Browser data retrieval tool (55) . Note that all data refers to the build 37 of the Genome Reference Consortium human genome (GRCh37). Promoters were defined as the Ϯ500-bp regions around gene transcription start positions. Overlaps between the promoter regions and ChIP-seq data were calculated using BEDTools (56) . Transcription factor-binding sites were predicted using FIMO with default parameters (57) .
Statistical analysis
Statistical analysis was performed using GraphPad Prism v.5 and v.6; p values equal to or less than 0.05 were considered statistically significant. One-way and two-way ANOVA were used, as well as two-tailed t tests, as described in each figure legend.
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